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ABSTRACT Nitric oxide (NO) induction through the induc-
ible NO synthase has been demonstrated to cause cell death in
macrophages. We demonstrate that, in macrophages that have
been rendered resistant to apoptosis induced by inducible NO
synthase (RES cells), exposure to exogenous NO donors results in
a hypersensitive apoptosis reaction when compared with the
parental RAW 264.7 cells. The apoptosis induced via exogenous
NO donors was found to be caspase 3-independent. Although
caspase 3 activity was stimulated in the apoptotic macrophages,
inhibition of caspase 3 by the inhibitor DEVD-CHO (N-acetyl-
Asp-Glu-Val-Asp-aldehyde) did not reverse the apoptosis induced
by the NO donor S-nitrosoglutathione (GSNO). This suggests that
although caspase 3 activity is stimulated during apoptosis in
macrophages, this signal is not sufficient to induce apoptosis.
Cleavage of the enzyme poly(ADP ribose) polymerase mirrors our
results of the caspase activity. Interestingly, we show that exoge-
nous NO donation results in an accumulation of cells at the
G2yM-phase border. Here, we demonstrate that the mitogen
activated protein kinase kinase (MEK) inhibitor PD 098059 can
be used to reverse the G2yM-phase block and show that this
treatment also inhibits the observed apoptosis in RES macro-
phages. Treatment with the MEK inhibitor also reversed both the
caspase 3 activity and poly(ADP ribose) polymerase cleavage in
cells treated with GSNO. This result indicates that the mitogen-
activated protein kinase pathway may be involved in regulation of
the caspase cascade. Alternatively, it may suggest an activity for
the MEK inhibitor heretofore not observed, that of a cyclin kinase
inhibitor. Our results suggest that selection of macrophages by
resistance to endogenously generated NO may cause hypersensi-
tivity to exogenous NO donors. These findings have relevant
implications for the treatment of apoptotic-resistant cell popula-
tions that may occur in both cancer and atheroma.

Programmed cell death (apoptosis) occurs in many animal tissues
during development (1) and is necessary to eliminate unwanted
host cells and achieve homeostasis (2). The term apoptosis de-
scribes a tightly regulated process of cell death characterized by
plasma membrane blebbing, chromatin condensation, loss of cell
volume, and DNA fragmentation (3, 4). Studies with the nematode
Caenorhabditis elegans have shown that specific genes are neces-
sary for apoptosis to occur, like ced-3 and ced-4, whereas other
genes such as ced-9 protect from cell death (5, 6). In mammals,
ced-3 homologs have been described as a family of at least 10
cysteine proteases with the specificity for cleavage after an aspar-
tate residue. All members of the ced-3 family are found as inactive

zymogens that become activated by proteolytic cleavage to the
active dimeric or tetrameric species (7). These cysteine proteases,
formerly known as the ICE (interleukin 1b converting enzyme)
family, are now called caspases and can be divided into three
subclasses, based on sequence homology (8): the ICE (caspase
1)-like family, the CPP32 (caspase 3)-like family, and the ICH-1
(caspase 2)-like family (9, 10). Recently, several target proteins
have been identified that are cleaved by caspases during the
apoptosis process including lamin A, lamin B1, poly(ADP ribosyl)
polymerase (PARP), topoisomerase I, sterol regulatory element-
binding protein, actin, the retinoblastoma protein, D4-GDP dis-
sociation inhibitor, and a 70-kDa component of the U1 splicing
particle (11). To date, however, very little is known about the
activation process for caspases. Many types of stimuli such as the
Fas ligand, staurosporine, actinomycin D, etoposide, radiation, or
nitric oxide (NO) can activate caspase cascade, leading to apo-
ptosis (12).

NO is produced by the enzyme NO synthase (NOS) that
catalyzes the oxidation of L-arginine yielding NO and L-citrullin
(13). NOS exists in three isoforms, the constitutive neuronal and
endothelial forms, which produce low levels of NO, and the
inducible NOS (iNOS; in macrophages), which produces high
amounts of NO (14). Production of NO normally leads to activa-
tion of the guanylate cyclase, which transforms GTP into cGMP,
a second messenger that activates specific protein kinases (15).
NO, because of a high redox potential, is also able to modify
enzymes directly (16, 17). These cGMP-independent mechanisms
are more closely associated with nitrosation, nitration, and oxida-
tion (18–20).

Stimulation of the mouse macrophage cell line RAW 264.7 with
lipopolysaccharide (LPS)yinterferon g (IFN-g) induces the acti-
vation of iNOS and results in cell death. This is reversed by the
NOS inhibitor N(G)-monomethyl-L-arginine (21). These results
indicated that formation of endogenous NO is involved in the
LPSyIFN-g-induced cell death in macrophages. Our laboratory
has developed a new cell line resistant to LPSyIFN-g-induced cell
death (RES cells). RES cells were derived from the mouse
macrophage cell line RAW 264.7 by repeated exposure to LPSy
IFN-g, followed by outgrowth of viable cells. Characterization of
RES cells has shown that the amount of superoxide production
and heat shock proteins are increased (22). Because change in NO
levels led to apoptosis in RAW cells, we sought to determine
whether the adaptation of RES cells was because of changes in the
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NO response. Interestingly, when RES cells were treated with the
NO donor S-nitrosoglutathione (GSNO), we observed remark-
able apoptosis. Therefore, the present study is focused on the
hypersensitivity of the RES cells to exogenous NO and how
apoptosis is mediated during this response.

MATERIALS AND METHODS
Materials. Leupeptin, phenylmethylsulfonyl fluoride, glutathi-

one, sodium nitrite, DTT, and Hepes were from Sigma. Pepstatin
A and CHAPS were from Fluka; DEVD-AFC (N-acetyl-Asp-
Glu-l-Val-Asp-7-amino-4-trifluoromethyl coumarin, a caspase 3
fluorogenic substrate), YVAD-AFC (a caspase 1 fluorogenic
substrate; where YVAD is Tyr-Val-Ala-Asp), DEVD-CHO (a
caspase 3 inhibitor; where CHO is aldehyde), YVAD-CHO (a
caspase 1 inhibitor), and anti-PARP antibody were from Biomol.
The mitogen-activated protein kinase kinase (MEK) inhibitor PD
098059 was a gift from Parke Davis. ECL (enhanced chemilumi-
nescence) reagents were from Amersham. Anti-rabbit IgG, horse-
radish peroxidase-conjugate was from Bio-Rad. RPMI 1640 me-
dium and cell culture supplements were from GIBCOyBRLyLife
Technology. Fetal bovine serum was from HyClone.

Cell Culture. The mouse macrophage cell lines RAW 264.7 and
RES were maintained in RPMI 1640 medium supplemented with
penicillin (100 unitsyml), streptomycin (100 mgyml), 2 mM glu-
tamine, and 10% (volyvol) heat-inactivated fetal bovine serum
(complete RPMI). All experiments were performed with com-
plete RPMI.

Preparation of Cell Lysates. For each assay, 4 3 106 cells were
incubated in 100-mm dishes with various concentrations of GSNO
for 8 h or as indicated. Cells were scraped and centrifuged at 500 3
g, at 4°C. The pellets were resuspended in 200 ml of lysate buffer
[100 mM Hepes, pH 7.5y10% sucrosey0.1% CHAPSy1 mM
EDTAy10 mM DTT containing the protease inhibitors 1 mM
phenylmethylsulfonyl fluoride, pepstatin (10 mgyml), and leupep-
tin (10 mgyml)]. The cellular material was left on ice for 30 min and
then sonicated for 10 s at a 10% pulse with a Heart System
ultrasonic processor XL. The lysates were centrifuged at 9,000 3
g for 7 min at 4°C. The supernatants were frozen at 220°C. Protein
concentration of the supernatants was quantified with the Brad-
ford (Bio-Rad) protein assay. For inhibitor studies, 4 3 106 cells
were preincubated with 10 mM DEVD-CHO (caspase 3 inhibitor)
or 50 mM MEK inhibitor (PD 098059) for 1 h, before addition of
GSNO for 8 h.

Mitogen-Activated Protein Kinase (MAPK) Kinase Assay. Ki-
nase activity assays were performed by using the nonradioactive
kinase assay kit from New England Biolabs, according to the
manufacturer’s instructions. Briefly, cells were incubated for 18 h
in serum-free medium before treatment with the described acti-
vators for the indicated periods. After stimulation, the cells were
washed with ice-cold PBS containing 1% Na3VO4. After washing,
the cells were lysed in the tissue culture dishes with 1 ml of lysis
buffer [20 mM TriszHCl, pH 7.5y150 mM NaCly1 mM EDTAy1
mM EGTAy1% Triton X-100y2.5 mM sodium pyrophosphatey1
mM b-glycerophosphatey1 mM sodium vanadateyleupeptin (1
mgyml)] for 5 min on ice. The lysis mixture was sonicated (Heat
Systems Ultrasonics, Farmingdale, NY) for four 5-s periods at the
maximal micro-tip setting (3). After sonication, the sample was
centrifuged for 10 min at 8,000 3 g at 4°C, and the soluble
supernatant fraction was removed and stored at 280°C. Protein
concentrations were determined by using the bicinchonic acid
assay (BCA, Pierce). MAPK was immunoprecipitated by incuba-
tion of 500 mg of macrophage lysate with specific antibodies toward
phospho-MAPK followed by immunoprecipitation with protein
A-Sepharose and then pelleted by centrifugation in a microcen-
trifuge for 30 s. The supernatant was removed and the pellet was
washed once with lysis buffer and three times with kinase buffer.
After washing, the pellet was suspended in 50 ml 13 kinase buffer
with 100 mM ATP and the MAP kinase target protein Elk-1. After
30 min at 27°C, the reaction was terminated and the mixture was

separated on a 12.5% SDSyPAGE gel. Western blotting was
performed by using anti-phosphospecific Elk-1 antibodies.

Cleavage of Fluorogenic Substrate. Lysates (50 mg of protein,
prepared as described above) were incubated for 60 min at 32°C
in 100 mM Hepes, pH 7.5y10% sucrosey0.1% CHAPSy1 mM
EDTAy10 mM DTT containing the protease inhibitors 1 mM
phenylmethylsulfonyl fluoride, pepstatin (10 mgyml), and leupep-
tin (10 mgyml) with the fluorogenic substrate DEVD-AFC (25
mM) in a total volume of 500 ml. Cleavage of the substrate emitted
a fluorescence signal that was quantified in a Perkin–Elmer LS3
fluorescence spectrophotometer (excitation, 400 nm; emission,
505 nm).

Synthesis of GSNO. Glutathione was dissolved in 2 M HCl at
4°C followed by addition of equimolar amount of sodium nitrite
(NaNO2). The mixture was stirred for 40 min at 4°C. After addition
of 10 ml of acetone, precipitates were filtered, washed three times
with acetone and ether, and dried under vacuum. The resulting
GSNO displays absorption maxima at 335 and 545 nm with
extinction coefficients of 922 and 15.9 dl2 per mol per cm,
respectively. GSNO solutions were prepared just before the ex-
periment.

PARP Western Blot Analysis. Whole-cell lysates (50 mg) were
separated on an 8% reducing polyacrylamide gel and then trans-
ferred to nitrocellulose membranes. The membranes were washed
three times with PBSy0.1% Tween 20 and blocked in 5% milk
powderyPBSy0.1% Tween 20 for 2 h at room temperature,
followed by the incubation with a polyclonal antibody against
PARP at a 1:4,000 dilution overnight at 4°C. After washing the
blots five times with PBSy0.1% Tween 20, the membranes were
incubated with horseradish peroxidase-conjugated anti-rabbit IgG
antibody in blocking buffer for 1 h. After washing, the proteins
were visualized by using the ECL substrate system.

Measurement of Apoptosis. After incubation with GSNO, 4 3
106 cells were scraped and centrifuged at 500 3 g at 4°C. The pellets
were washed once with 5 ml of ice-cold PBS, then permeabilized
in 1 ml of 80% ice-cold ethanol, and left on ice for 30 min. Cells
were centrifuged at 500 3 g at 4°C for 5 min, washed with 1 ml of
ice-cold PBS, and stained with propidium iodide (50 mgyml) in
PBSy0.1% Triton X-100y0.1 mM EDTAy50 mg of RNase over-
night at 4°C. Apoptosis measurement was carried out on an
ELITE profile fluorescence-activated cell sorter (Coulter) using a
cell cycle analysis doublet discrimination protocol.

RESULTS
Caspase 3 Activity in RAW and RES Cells Induced by GSNO.

In this study, we examine the effect of GSNO on caspase 3 activity
in RAW and RES cells. Because caspases are involved in the
execution of apoptosis, protease activity was measured in RAW
and RES cells by following the cleavage of the caspase 3 substrate
DEVD-AFC in the cytosolic fraction of GSNO-treated cells (Fig.
1A). Active caspase 3 cleaves the substrate after the second Asp
residue and releases the fluorescent fragment (7-amino-4-
trifluoromethyl coumarin or AFC) from the DEVD-AFC sub-
strate. The accumulation of the fluorescent dye was quantitated
and correlated with enzyme activity. GSNO activated caspase 3 in
RAW cells in a concentration-dependent manner. Protease activ-
ity was significantly elevated at concentrations of GSNO greater
than 500 mM. In RES cells, however, addition of 200 mM GSNO
was enough to reach maximal caspase 3 activity in these cells.
Higher concentrations of GSNO did not increase caspase 3 activity
further. At 1 mM GSNO both cell lines showed nearly the same
amount of caspase 3 activity. The effect of DTT on the caspase
measurements was assessed; when DTT was not added to the
caspase activity assay, the levels of response were decreased but the
absolute ratios of activation remained the same (data not shown).
The protein levels of caspase 3 in RAW and RES cells were
equivalent.

Incubation of the cytosolic fractions from GSNO-treated RAW
and RES cells with the caspase 1-specific substrate YVAD-AFC
(N-acetyl-Tyr-Val-Ala-Asp-7-amino-4-trifluoromethyl coumarin)
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did not produce any fluorescent signal, indicating that caspase 1 is
not activated in these cells during NO-induced apoptosis (data not
shown).

PARP Cleavage in GSNO-Treated RAW and RES Cells. PARP
is a target protein for caspase 3 that is cleaved during the apoptotic
process. Treatment of RAW and RES cells with a low concen-
tration of GSNO (200 mM) led, in RES cells, to the cleavage of the
116-kDa PARP molecule to its 85-kDa fragment, as determined
by Western blot analysis using a polyclonal antibody against PARP
(Fig. 1B). PARP cleavage in RES cells occurred between 4 and 6 h,
whereas little PARP cleavage could be seen in the RAW cells even
after 6–8 h. At 1 mM GSNO, PARP cleavage after 4 h is similar
in RAW and RES cells (Fig. 1C). These results were consistent
with the measurement of caspase 3 activity under the same
conditions. Caspase 3 became activated in RES cells after 4 h of
treatment with 200 mM GSNO, whereas RAW cells showed very
little caspase 3 activity. High concentration of GSNO (1 mM)
caused caspase 3 activation in RAW and RES cells after 3–4 h of
treatment (data not shown).

Induction of Apoptosis in RAW and RES Cells After GSNO
Treatment. The measurement of apoptosis with flow cytometry
analysis demonstrated that RES cells were more sensitive to
GSNO treatment (Fig. 2). In RES cells, 200 mM or 1 mM GSNO
caused 15% or 20–28% apoptosis, respectively. RAW cells
showed a significant amount of apoptosis (15%, P # 0.001) only
at 1 mM GSNO (Fig. 2). Preincubation of both cell lines with the
caspase 3 inhibitor DEVD-CHO (10 mM) followed by the
addition of 200 mM or 1 mM GSNO, respectively, completely
blocked the GSNO-induced caspase 3 activity (Table 1). Apo-
ptosis was reduced 20–30% in RAW and RES cells but was not

fully inhibited. Concentrations of the caspase 3 inhibitor DEVD-
CHO up to 100 mM did not further decrease the amount of
apoptosis. The caspase 1 inhibitor YVAD-CHO had neither an
effect on caspase 3 activity nor on apoptosis (data not shown).

Kinase Activation After Treatment with 200 mM GSNO. To
determine whether kinase activation occurred after treatment with
GSNO, we next examined MAPK activation in cells treated with
GSNO. As shown in Fig. 3, MAPK is activated after GSNO
treatment in both RAW and RES cells. The peak increase of
MAPK activity is between 5 and 10 min, and the basal level of
MAPK is higher in RAW cells than in the RES cells. The more
rapid decline of MAPK in RES cells may indicate that the level of
MAPK is important to inducing apoptosis. This may be especially
important if the activity of the stress-activated protein kinase
(SAPK) is constant. We have extended the time course for MAPK
activation up to 12 h, and during this period, have noted that
although the MAPK activity decreases at the 30 min time point,
the activation of MAPK is sustained until 6 h after GSNO
treatment (data not shown).

Analysis of Apoptosis, Cell Cycle Progression, and the Effect of
the MEK Inhibitor PD 098059 in Macrophages by Flow Cytom-
etry. Flow cytometry analysis of apoptosis is shown in Fig. 4.
Propidium iodide uptake in apoptotic cells, cells to the left of the

FIG. 1. Concentration-dependent activation of caspase 3 activity by
GSNO and subsequent time-dependent PARP cleavage in RAW and
RES cells. (A) RAW and RES were treated for 8 h with the indicated
concentrations of GSNO. Cell extracts (50 mg) were then incubated in the
presence of the fluorescent caspase 3 substrate DEVD-AFC (25 mM) for
1 h at 32°C. Caspase 3 activity was measured fluorometrically after
substrate cleavage with excitation at 400 nm and emission at 505 nm.
Values are the mean 6 SD of four experiments. (B and C) PARP cleavage
was detected by Western blot analysis using a polyclonal antibody specific
for PARP. The arrows indicate the 116-kDa PARP protein and its 85-kDa
cleavage product. Time-dependent PARP cleavage after incubation of
RAW and RES cells with either 200 mM GSNO (B) or 1 mM GSNO (C)
is shown. Results are representative of three experiments.

FIG. 2. GSNO-induced apoptosis in RAW and RES cells. Cells
were treated for 8 h with 200 mM or 1 mM GSNO, respectively.
Apoptosis was quantified by flow cytometry using propidium iodide
exclusion. Approximately 10,000 cells were sampled, and the percent-
age of cells undergoing apoptosis was calculated. Data are represen-
tative of results from at least six similar experiments.

Table 1. AFC and apoptosis values for cells treated with GSNO
with and without the caspase 3 inhibitor DEVD-CHO

Cell Treatment AFC mM
Apoptosis

%

RAW Control 0.043 6 0.02 1.9 6 0.3
GSNO (200 mM) 0.21 6 0.13 7.5 6 1.4
GSNO (200 mM)

1 DEVD-CHO (10 mM) 0.08 6 0.04 5.8 6 1.2
GSNO (1 mM) 0.92 6 0.32 14.2 6 2.6
GSNO (1 mM)

1 DEVD-CHO (10 mM) 0.08 6 0.06 9.9 6 2.4
RES Controlc 0.087 6 0.01 1.7 6 0.4

GSNO (200 mM) 1.32 6 0.33 15.7 6 3.6
GSNO (200 mM)

1 DEVD-CHO (10 mM) 0.06 6 0.04 12.5 6 1.3
GSNO (1 mM) 1.13 6 0.01 19.2 6 3.4
GSNO (1 mM)

1 DEVD-CHO (10 mM) 0.07 6 0.01 15.6 6 2.4

Apoptosis was calculated from intercalation of propidium iodide
into DNA from ethanol-fixed RAW or RES cells that had been treated
with the indicated amounts of GSNO and DEVD-CHO. Control
values were derived from untreated cell populations.
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G0yG1 peak, in Fig. 4 is reduced because of the inability of the dye
to intercalate into condensed DNA during apoptosis. Cells marked
with bar B are in the G0yG1 phase of the cell cycle. The peak to
the right of bar B represents cells undergoing proliferation (S or
G2yM phase of cell cycle) and they are, therefore, able to bind
more propidium iodide because of their higher DNA (n 5 2–4)
content. The flow cytometry analysis of untreated RAW cells
showed that most cells have been in the G0yG1 phase, some have
been in a proliferating phase, and only a very small amount of
apoptotic cells (0.7% apoptosis) was detected (Fig. 4A). Treat-
ment of RAW cells with 200 mM GSNO led to G2yM-phase arrest
of the cells without increasing the amount of apoptosis significantly
(4.4% apoptosis).

In an attempt to induce apoptosis in RAW cells treated with 200
mM GSNO, we preincubated the RAW cells with the specific
MEK inhibitor PD 098059 followed by the GSNO (200 mM)
treatment. By blocking the MAPK signaling pathway, we hoped to
favor the stress-activated kinase response pathway. Interestingly,
the incubation of the cells with GSNO (200 mM) and the MEK-
specific inhibitor PD 098059 (50 mM) did not cause apoptosis but,
remarkably, suppressed the G2yM-phase arrest induced by GSNO.
Addition of the inhibitor also caused MEK inhibition in both
RAW and RES cells (data not shown). The amount of apoptotic
cells were slightly reduced (2.1% apoptosis). Incubation of the cells
with 1 mM GSNO caused apoptosis (9.7%) but did not drive the
cells into G2yM arrest. Treatment of RAW cells with 1 mM GSNO
in the presence of the MEK inhibitor PD 098059 (50 mM) reduced
apoptosis about 30% (Fig. 4A).

The cell cycle profile of untreated RES cell was similar to that
of RAW cells (Fig. 4B). Only 1% apoptotic cells were detected.
Incubation of RES with 200 mM GSNO increased the amount of
cells arrested in G2yM phase as shown for the RAW cells.
Compared with the parental RAW cells, the RES cells appear to
arrest in late S phase. However, treatment of RES cells with 200
mM GSNO caused a significant amount of apoptosis (15.4%),
which could be dramatically reduced by the MEK inhibitor PD
098059 (60% inhibition), as shown in Fig. 4B. PD 098059 also
decreased the number of RES and RAW cells arrested in late S
or G2yM phase of the cell cycle. Higher concentrations of GSNO
(1 mM) increased apoptosis (28.2% apoptosis) in RES cells
without inducing an S–G2yM-phase arrest. The effect of PD
098059 on RES cells treated with 1 mM GSNO was less than
shown for cells treated with 200 mM GSNO. Apoptosis was only
reduced approximately 10% (Fig. 4B).

NO activates the guanylate cyclase producing cGMP. To exam-
ine whether low concentrations of GSNO (200 mM) arrest RAW
and RES cells in a G2yM phase via a cGMP-dependent pathway,
we incubated both cell lines with the cGMP analog 8-bromo-
cGMP. 8-Bromo-cGMP at 100 mM and 1 mM did not induce
G2yM arrest or cause apoptosis in either RAW or RES cells.
Caspase 3 activity was also not induced when the cGMP analog
was used instead of GSNO (data not shown).

Effect of PD 098059 on Caspase 3 Activity Induced by GSNO.
Because the specific MEK inhibitor PD 098059 reduced GSNO-

induced apoptosis in RAW and RES cells, the influence of this
inhibitor on caspase 3 activity was studied further (Fig. 5). As
described above, only high concentrations of GSNO (1 mM)
induced caspase 3 activity in RAW cells. This protease activity
could be reduced by incubating the cells with GSNO in the
presence of 50 mM PD 098059 (Fig. 5A). Treatment of RES cells
with 200 mM or 1 mM GSNO, respectively, in the presence of PD
098059 (50 mM) remarkably reduced caspase 3 activity (Fig. 5B).

To exclude a direct inhibitory effect of PD 098059 on caspase 3,
we treated RES cells with 200 mM and 1 mM GSNO, respectively.
Under these conditions caspase 3 was activated as described above.
We incubated the cytosolic fraction of the GSNO-treated cells
with DEVD-AFC in the presence or absence of 50 mM PD 098059.
Addition of PD 098059 did not inhibit caspase 3 activity in vitro
(data not shown).

Effect of PD 098059 on PARP Cleavage After GSNO Treatment
of RAW and RES Cells. We also examined whether preincubation
with PD 098059 (50 mM) prevented PARP cleavage in RAW and
RES cells induced by GSNO. Fig. 5C shows that PD 098059 was

FIG. 3. RAW and RES cells were incubated in serum-free RPMI
1640 medium for 18 h before treatment with 200 mM GSNO for the times
indicated. MAPK activity is indicated by phosphorylation of Elk-1. The
level of MAPK increases in both RAW and RES cells, although the basal
level in RAW cells is higher than that of the RES cells. Although the basal
levels differ, the maximal response in MAPK activity appears to peak
between 10 and 15 min and then decline thereafter.

FIG. 4. Propidium iodide staining of RAW and RES cells after
treatment with GSNO in the presence or absence of the MEK inhibitor
PD 098059. The cell cycle profile of RAW (A) or RES (B) cells after
treatment with 200 mM or 1 mM GSNO, respectively, in the presence
or absence of the MEK inhibitor PD 098059 (50 mM) is shown. After
an 8-h incubation, the amount of apoptotic cells was measured by flow
cytometry analysis. Bars: C, apoptotic cells; B, cells in the G0yG1 phase
of the cell cycle. The peak to the right of bar B represents cells
undergoing proliferation (S or G2yM phase). Data are representative
of results from three experiments.
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able to partially reverse PARP cleavage after an 8-h treatment with
1 mM GSNO. As described above, 200 mM GSNO did not lead to
PARP cleavage in RAW cells (Fig. 5C). In RES cells, PD 098059
nearly inhibited PARP cleavage induced by 200 mM GSNO (Fig.
5D). However, PD 098059 was not able to fully prevent PARP
cleavage in RES cells after an 8-h exposure to 1 mM GSNO.

DISCUSSION
Our results indicate that exogenously supplied NO, such as that
derived from the NO donor GSNO, and endogenously derived
NO, such as that derived via the iNOS, can have different
phenotypic consequences on macrophages. Brüne and coworkers
(22–24) and other laboratories (25, 26) have demonstrated that the
treatment of RAW264.7 macrophages with bacterial LPS in
combination with the cytokine IFN-g resulted in apoptosis. In this
study, we have demonstrated that when RAW264.7 cells are
treated with exogenous NO donors, these cells are not induced to
undergo apoptosis at lower levels of the NO donors and only begin
to undergo apoptosis upon treatment of the cells with very high
levels of the NO donor. This suggests that the signal transduction
pathways responsible for initiating the apoptotic pathway are
stimulated differently by iNOS as compared with NO provided
from an NO donor.

Further, by using a cell line that we have previously character-
ized as resistant to LPSyIFN-g-mediated cell death (RES cells),
we demonstrate herein that cells that have become resistant to
iNOS-induced apoptosis signaling are hypersensitive to exogenous
sources of NO and that rapid apoptosis is induced in response to
even low levels of the exogenous NO donor. We have character-
ized the apoptosis induced in the RES cells via exogenous NO
treatment and have shown that caspase 3 activity is greatly
increased in the RES cells as compared with the RAW cells
treated with 200 mM GSNO. These results agree with reports
suggesting that NO may mediate apoptosis via caspase activity
(27). We observed that the half-life of the GSNO in medium was
less than 1.5 h (unpublished observation), suggesting that at the
time that caspase 3 cleavage occurs (after 4 h), the GSNO is no
longer present to inhibit the active caspase 3 formation. Because
proform caspase is not affected by GSNO, induction of apoptosis
through caspase 3 formation is possible.

It has been shown that NO leads to inhibition of the cysteine
proteases in vitro. Conversely, in vivo NO was able to activate and
to inhibit caspase activity (12, 28–31). In our system using RAW

and RES macrophages, we can examine the response of macro-
phages to exogenous NO that results in apoptosis and caspase 3
activation. Simultaneously, we can examine the resistance to
apoptosis (RES cells) stimulated also through induction of en-
dogenous NO, via LPSyIFN-g activation. We also have examined
the caspase activity in the RAW264.7 macrophage line in response
to NO treatment. Perhaps during the selection of the RES cells
from RAW cells via repeated treatment with LPSyIFN-g, apo-
ptotic signaling pathways were changed because of S-nitrosylation
andyor nitration of proteins, thereby protecting the RES cells from
apoptosis. However, if the RES cells are treated with exogenous
NO, then apoptosis is enhanced, suggesting that NO may operate
on different levels depending on the source of NO. The levels of
iNOS produced in RAW and RES cells is equivalent, and mea-
surement of nitrite in the two cell lines also suggests that the level
of endogenous NO are the same (21). Evidence supporting this
hypothesis also comes from reports where pretreatment of cells
with low levels of GSNO render the cells resistant to further
treatment with higher levels of GSNO (32). This also may be
reflected in the changes we observe in apoptosis based on the
concentration of GSNO applied. This suggests that the protection
normally afforded the RAW cells to exogenously provided NO can
be overcome if high enough levels of NO are used. Indeed, with
a treatment of 1 mM NO, we have found that the pattern of cell
cycle changes differs from that observed using lower levels of NO,
potentially contributing to the difference in apoptosis observed. It
is likely that at high level of GSNO, direct DNA damage may occur
stimulating p53 production and cell death as has been described
(32).

PARP cleavage, which has been correlated with caspase 3
activity, after treatment of RAW and RES cells with 200 mM
GSNO agrees with the caspase activity pattern. Namely, PARP is
cleaved faster and more completely in RES cells than in RAW
cells. When the concentration of GSNO is increased to 1 mM, the
cleavage of PARP is more equivalent between the two cell lines.
The caspase-directed cleavage of PARP may not account for the
apoptosis observed in these cells. When the caspase 3-specific
inhibitor DEVD-CHO is added to RAW and RES cells (see Table
1), the caspase activity is inhibited in these cells with 200 mM and
1 mM GSNO. However, the apoptosis observed after caspase
inhibitor treatment is not significantly lowered by inhibiting the
caspase activity. This suggests that more that one mechanism must
be responsible for inducing the apoptosis observed with exogenous

FIG. 5. Influence of PD 098059 on the GSNO-
induced caspase 3 activity and PARP cleavage in
RAW and RES cells. RAW (A) and RES (B) cells
were treated for 8 h with various concentrations of
GSNO in the presence or absence of the MEK
inhibitor PD 098059 (50 mM). Cell extracts (50 mg)
were then incubated with the caspase 3 substrate
DEVD-AFC (25 mM) for 1 h at 32°C. Caspase 3
activity was measured. PARP cleavage was de-
tected by Western blot analysis using a polyclonal
antibody specific for PARP. The arrows indicate
the 116-kDa PARP protein and its 85-kDa cleavage
product. PARP cleavage in RAW (C) or RES (D)
cells is shown after incubation of the cells for 8 h
with 200 mM or 1 mM GSNO, respectively, in the
presence or absence of the MEK inhibitor PD
098059 (50 mM). Data are representative of results
from three experiments.
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NO donors, and although caspase(s) are involved, they are not the
sole mechanism responsible for cell death. Dual effects for
caspases have been previously proposed as an explanation for their
contribution to apoptosis (33).

With low levels of GSNO, we demonstrate that both RAW and
RES cells begin to accumulate in late S or early G2yM phase of the
cell cycle. Other reports have also demonstrated that exogenous
NO donors can lead to this type of cell cycle arrest (34–37).
However, in the previous reports, the cells were not induced to
undergo apoptosis and, therefore, resembled what we observed in
the RAW cell population but not necessarily in the RES cell
population. In contrast to what has usually been observed for cell
cycle arrest, it appears that in the RES cells, the inhibition at the
G2yM stage of the cycle is correlated with apoptosis via exogenous
NO treatment.

Both RAW and RES cells activated the MAPK pathway in
response to 200 mM GSNO. The decline of the MAPK response
in RES cells appears to occur more rapidly than in the RAW cells,
suggesting that MAPK may be important in protecting cells from
apoptosis. However, at increased times, the MAPK response
remains elevated above basal levels. It has not been determined
why selection via LPSyIFN-g makes the RES cells hypersensitive
to NO donors. One potential explanation is that the activation that
occurs increases SAPK endogenous signaling. Increased levels of
the SAPK may ‘‘prime’’ these cells toward apoptosis. When a stress
signal is activated, such as via the NO mediator GSNO, a lower
level of MAPK may result, and therefore, the up-regulated SAPK
response may be enough of a signal to begin the apoptotic process.
Although the decrease in MAPK may be slight, in an environment
where SAPK is increased, the balance may be shifted quite rapidly,
thereby favoring apoptosis.

Interestingly, if the RES cells are incubated with the specific
MEK inhibitor PD 098059 before exposure to the exogenous NO
donor GSNO, both the G2yM cell cycle arrest and the level of
apoptosis are decreased (see Fig. 4). The inhibitor also leads to a
decrease in caspase 3 activity (Fig. 5 A and B) and PARP cleavage
(Fig. 5 C and D). It is interesting to speculate that the MEK
inhibitor may have an as yet undefined effect on the cell cycle,
thereby leading to the reversal of the G2yM block. Certainly,
precedent for the flavopiridol compound family, to which the
MEK inhibitor belongs, affecting cell cycle has been set (38–40).
Alternatively, it may also be that a downstream MAPK from MEK
has a direct effect on caspase activity. We have determined that
this effect is not caused by the direct inactivation of the caspases
by the inhibitor or that the GSNO is in some way altered upon
contact with the MEK inhibitor, because the spectrum of the
GSNO remains unchanged after incubation with the inhibitor
(data not shown). A model for the action of PD 098059 on RAW
and RES cells based on these observations is shown in Fig. 6.

The regulation of caspases via the MAPK pathway is beginning
to be defined, and several reports have recently linked the kinases
to caspase regulation (41, 42). In either case, it certainly appears
that the MEK inhibitor can compete with the apoptotic effect of
exogenous NO. The exact mechanism whereby inhibition of the
MEK pathway can block apoptosis induced via NO needs to be
defined.

These findings demonstrate that adaptation to one type of
apoptotic signal may render cells more susceptible to alternative
apoptotic signals. The hypersensitive response of the RES cells
may be directly caused by the selection process via LPSyIFN-g or,
alternatively, may be caused by the process of adaptation to
apoptosis. The RES cell population is a valuable tool to examine
apoptosis in response to NO. It is convenient that although
susceptible to exogenous NO-mediated apoptosis, the RES cells
do not undergo apoptosis to signals from iNOS, the endogenous
source for NO. These cells should allow us to more closely define
the relationship between NO and apoptosis.

Indeed, these cells may suggest a unique pathway(s) that may be
exploited via exogenous NO that would induce apoptosis in cells

that would normally be resistant to apoptosis. Cells that normally
avoid apoptosis may contribute to pathology, as is the proposal for
the contribution of macrophages within the atheroma. By delin-
eating a mechanism that will cause apoptosis in resistant cells,
elimination of pathological cell populations may be possible. By
exploiting this mechanism, targeted apoptosis may be a possible
way to control unwanted cell populations. The refinement of this
mechanism of targeting apoptosis is ongoing in our laboratory.
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FIG. 6. Potential effect of PD 908059 on apoptosis induced by NO
in RAW and RES macrophages.

5050 Cell Biology: Mohr et al. Proc. Natl. Acad. Sci. USA 95 (1998)


